Ehrlichia species closely related to Ehrlichia equi and Ehrlichia phagocytophila. Recent advances in the isolation and cultivation of this organism have allowed us to develop an immunofluorescence assay (IFA), enzyme immunoassay (EIA), and Western immunoblotting (WB) using HL-60 cell culture-derived human isolates. Antibody was detected in sera from culture-confirmed HGE patients by IFA and EIA, and these samples were reactive when analyzed by immunoblot analysis. HGE patient sera had high antibody titers and did not react with uninfected HL-60 cells. When IFA, EIA, and WB were used to analyze sera from healthy donors or those with a range of other disorders, including infections caused by Ehrlichia chaffeensis, Rickettsia rickettsii, and Coxiella burnetti, no significant cross-reactivity could be detected by EIA or immunoblot analysis with the exception of two of four serum samples from R. rickettsii-infected patients that were reactive by IFA only. Sera from HGE patients did not significantly cross-react in serologic tests for Borrelia burgdorferi. Using sera from patients previously enrolled in two clinical trials of treatment for early Lyme disease, we evaluated a two-step approach for estimation of the seroprevalence of antibodies reactive with the etiologic agent of HGE. On the basis of the immunoblot assay results for sera from culture-confirmed HGE patients, WB was used to confirm the specificity of the antibody detected by EIA and IFA. EIA was found to be superior to IFA in the ability to detect WB-confirmed antibodies to the HGE agent. When EIA and WB were used, 56 (19.9%) patients with early Lyme disease (n ‫؍‬ 281) had either specific immunoglobulin M (IgM) or IgG antibodies; 38 patients (13.5%) had IgM only, 6 (2.1%) had IgG only, and 12 (4.3%) had both IgM and IgG. Therefore, Lyme disease patients are at high potential risk for exposure to Ehrlichia. Analysis by immunoblotting of serial samples from persons with culture-confirmed HGE or patients with Lyme disease and antibodies to the agent of HGE revealed a reproducible pattern of the immune response to specific antigens. These samples confirmed the importance of the 42-to 45-kDa antigens as early, persistent, and specific markers of HGE infection. Other significant immunogenic proteins appear at 20, 21, 28, 30, and 60 kDa. Use of the two-test method of screening by EIA and confirming the specificity by WB appears to offer a sound approach to the clinical immunodiagnosis of HGE.
The ehrlichiae are obligate intracellular bacteria which infect mammalian monocytes, granulocytes, and platelets. The human ehrlichioses are tick-borne illnesses of worldwide importance (21) . Human monocytic ehrlichiosis (HME) in the United States is caused by Ehrlichia chaffeensis (2) , which is thought to be transmitted by the lone star tick, Amblyomma americanum (3, 39) . More than 400 cases of HME have been reported since 1987 (17) .
An emerging granulocytotrophic ehrlichial infection of humans was first noted in the upper midwestern United States (6, 9) . These ehrlichiae are closely related or identical to E. equi, which infects the granulocytes of horses in the United States, and Ehrlichia phagocytophila, the etiologic agent of a granulocytic infection of sheep, goats, and cattle in Europe (12, 20, 28) . Human granulocytic ehrlichiosis (HGE) is thought to be transmitted by Ixodes scapularis ticks (18, 46, 50, 57) , which are also the vectors of the causative agents of Lyme borreliosis and babesiosis. Although the reservoirs of human ehrlichial agents in the United States are not known, deer are the primary hosts for both I. scapularis and A. americanum and have been implicated as potentially important in the vector ecology of both HGE and HME (14, 16, 24) . The white-footed mouse, Peromyscus leucopus, may be a reservoir of the HGE agent (44, 57, 58) . HGE has been reported from areas where Ixodes ticks are present, with most cases reported from the midwestern and northeastern United States and California (1, 6, 10, 27, 31, 60) . Evidence for the presence of HGE in Europe also exists (8, 22, 25, 52) .
Infection with HGE is acute, and the clinical manifestations of infection closely resemble those of HME. Patients typically present with fever, myalgias, arthralgia, headache, and rigors (6, 9) . Laboratory findings of HGE infection often include leukopenia, thrombocytopenia, and anemia with elevated hepatic transaminase and lactate dehydrogenase levels (9) . HGE infection often responds to treatment with tetracyclines. For most treated patients recovery is rapid; however, some fatalities have occurred (6, 21, 31) .
While diagnostic, the presence of morulae in the blood smears of infected persons is not a sensitive approach to laboratory diagnosis. Isolation of the organism and detection of granulocytic ehrlichiae in blood by PCR are possible (28) , but these methods surpass the technical resources of many labo-ratories. Because of the difficulty of detecting HGE infection, the uncharacterized epidemiology of this disease, and the relatively protean clinical manifestations, serological testing may provide an important resource for improved diagnosis and understanding of disease epidemiology.
The primary method of detecting antibodies to Ehrlichia has been the indirect immunofluorescence assay (IFA), based upon the use of Ehrlichia equi within the neutrophils of experimentally infected horses. The recent isolation and cultivation of the agent of HGE (28, 54) have allowed us to develop and evaluate serological assays using human isolates of this organism. We used an IFA, enzyme immunoassay (EIA), and Western immunoblotting (WB) to examine sera from healthy donors and patients with culture-confirmed infection with the HGE agent and serial serum specimens from patients with physician-diagnosed Lyme borreliosis since these patients are at high risk for HGE.
MATERIALS AND METHODS
HGE patients. HGE patients were evaluated at the University of Minnesota Academic Health Center or elsewhere by one of the authors (J.L.G.) between 1995 and 1997. Venous blood was collected and inoculated into cultures of a human promyelocytic cell line, HL-60, as described previously (28) . Informed consent and Institutional Review Board approval were obtained for these studies.
Cultivation of ehrlichiae. Human granulocytic ehrlichiae strains HGE-1 and HGE-2 were cultivated in the HL-60 cell line (CCL240; American Type Culture Collection). Both strains were isolated from patients with acute HGE and were subjected to sequencing of their entire 16S rRNA genes (28) . HL-60 cells were grown in RPMI 1640 (Gibco, Grand Island, N.Y.) containing 30 mM HEPES, 20 mM sodium bicarbonate, and 10% fetal calf serum (Gibco) at 37°C with 5% CO 2 . HL-60 cells in 125-cm 2 flasks were infected when they reached a density of ca. 5 ϫ 10 5 cells per ml by the addition of a 1:100 ratio of HL-60 cells which were previously infected with ehrlichiae to a level of 90% or greater. The cells were then examined as cytospin preparations every 24 h. HL-60 cells were visualized by fixing cytospin slides in 1:1 methanol and acetone at room temperature for 10 min. The slides were then stained with 0.02% Giemsa stain (Sigma Chem., St. Louis, Mo.) for 15 min and were examined by microscopy for morulae under oil immersion at ϫ630.
Antigen preparation. Ehrlichiae were harvested when greater than 95% of the HL-60 cells had visible morulae. The cultures were centrifuged in 100-ml volumes at 500 ϫ g for 10 min at 4°C. The supernatant was discarded and the pellet was resuspended in 5 ml of ice-cold, sterile 10 mM phosphate-buffered saline (PBS; pH 7.4).
For the IFA, antigen was prepared by diluting the pellet of infected HL-60 cells in PBS to a concentration of 10 7 cells per ml. The cells were then applied to 18-well coated microscope slides (CelLine, Newfield, N.J.) as a volume of 5 l per well. The slides were air dried and fixed in 1:1 methanol and acetone at ambient temperature for 10 min. Fixed slides were stored desiccated at Ϫ70°C.
For the EIA and immunoblotting, resuspended infected HL-60 cells were sonicated on ice by using a Fisher model 550 Sonic Dismembrator (Fisher Scientific, Itasca, Ill.) set at a rate of 3 A by applying three 10-s pulses interspersed with 30-s rests. The resulting material was then centrifuged at 500 ϫ g for 10 min at 4°C to remove cellular debris. The supernatant was collected, and the bacteria were harvested by centrifugation at 10,000 ϫ g for 20 min at 4°C.
When preparing antigen for EIA, the pellet was resuspended in 1 ml of PBS (pH 7.4) per 100 ml of the original culture and was sonicated to disrupt the bacteria. This treatment consisted of three 20-s discharges at a rate of 3 A with 60-s rests. The sonicated antigen was filtered through a 0.45-m-pore-size cellulose acetate filter. The protein concentration of the filtrate was determined by a modified biuret assay with bicinchoninic acid (Pierce Chemical, Rockford, Ill.). Antigen was then diluted to 0.1 mg per ml, aliquoted, and frozen at Ϫ70°C until needed. Antigen for immunoblotting was prepared and quantified exactly as described for EIA except that the bacterial pellet was resuspended in the smallest volume of PBS permissible and the bacteria were immediately frozen at Ϫ70°C without sonication.
Serum samples. Sera from HGE patients were collected at the University of Minnesota Academic Health Center and at community clinics. Healthy donor sera were from the American Red Cross (St. Paul, Minn.). The specificities of the assays were assessed with sera from persons with the following physician-diagnosed disorders: rheumatoid arthritis, systemic lupus erythematosus, infectious mononucleosis, multiple sclerosis, syphilis, relapsing fever, group A streptococcal infection, Lyme disease, human monocytic ehrlichiosis (E. chaffeensis), Rocky Mountain spotted fever (Rickettsia rickettsii), and Q fever (Coxiella burnetii). Sequential serum specimens from early Lyme disease treatment studies were examined for antibody to human granulocytic ehrlichiae. The patients studied were from New York, Connecticut, New Jersey, and Minnesota and were enrolled in one of two studies (41, 48) . Both groups had physician-diagnosed erythema migrans. Study group I received oral therapy consisting of 500 mg of azithromycin once daily for 7 days or 500 mg of amoxicillin three times daily for 20 days. Sera from these participants were collected at the baseline (day 0) and following the initiation of therapy at day 8, day 20, day 30, day 90, and day 180. Study group II received oral antibiotic therapy consisting of either 500 mg of cefuroxime twice daily for 20 days or 100 mg of doxycycline three times daily for 20 days. Sera were collected at the baseline and on day 8 following the initiation of therapy, 1 to 5 days after the completion of treatment, day 30 posttreatment (PT), day 60 PT, and 1 year PT.
IFA. Details of the IFA have been described previously (25) . The sera were diluted in PBS (pH 7.4) and a 5-l volume was applied to each well of the slides. The slides were incubated for 1 h at ambient temperature, rinsed twice in PBS (pH 7.4), and submerged in PBS for 5 min. After air drying, affinity-purified fluorescein isothiocyanate-conjugated goat anti-human -specific immunoglobulin M (IgM) or heavy-and light-chain IgG (Kirkegaard & Perry Laboratories [KPL], Gaithersburg, Md.) were diluted to 1:40 and 1:240, respectively, and were applied to wells in a volume of 5 l. Slides were incubated again at ambient temperature for 1 h, rinsed twice in PBS (pH 7.4), and immersed for 5 min in PBS containing 0.005% Evans blue (Sigma). Following a brief rinse with distilled water to remove excess stain, the slides were overlaid with mounting medium consisting of 10% PBS-buffered glycerol containing 0.1% (wt/vol) diazibicylooctane (Sigma). Controls were included for each slide and consisted of convalescent-phase sera from patients with culture-confirmed HGE or healthy donors with no clinical history of HGE infection. Titers were determined as the endpoint at which the fluorescence of the Ehrlichia in the cytoplasm of HL-60 cells was no longer distinct.
Cutoff values for the IFA were established on the basis of the values for sera from a sample of healthy donors (n ϭ 32). A titer of Ͻ1:80 correlated with the presumptive absence of antibody in the sera from healthy persons. Accordingly, a titer of Ͻ1:80 was interpreted as negative, a titer of 1:80 was interpreted as equivocal, and a titer of Ͼ1:80 was interpreted as positive (21, 25, 49) .
EIA. The EIA was a solid-phase noncompetitive assay similar to that used for the detection of antibodies to Borrelia burgdorferi (33, 43) . Ninety-six-well curved-bottom polystyrene plates (Nunc, Roskilde, Denmark) were coated passively by the application to each well of 50 l of antigen diluted just before use to 10 g per ml in Dulbecco's PBS (DPBS; pH 7.4). The plates were then incubated uncovered at 37°C overnight. The next day, the plates were blocked with 5% nonfat dry milk (NFDM; Carnation, Los Angeles, Calif.) in DPBS by the addition of 160 l to each well. Blocking was carried out at 37°C for 1.5 h. Human test sera were diluted to 1:200 in diluent containing 5% NFDM in DPBS, 0.1% dextran sulfate (Sigma), and 0.5% donor goat serum (Sigma). After blocking, the plates were washed three times in DPBS containing 0.5% Tween 20 (Sigma). The test sera were applied in triplicate to wells in a volume of 60 l and were incubated at 37°C for 1 h. The plates were then washed four times in wash buffer. Affinity-purified goat anti-human -specific IgM or heavy-and light-chain IgG conjugated with horseradish peroxidase (KPL) were appropriately diluted in the same diluent used for human sera, and 60 l was placed in the wells. The plates were incubated for 1 h at 37°C and washed four times in wash buffer. Sixty microliters of the substrate 2,2-azino-di-3-ethyl-benzthiazoline sulfonate (KPL) was added to each well. After 20 min at 37°C the absorbances at 405 nm were determined. The timing of the development was based upon the previously established performance of the controls. Plates were read every 10 min until the controls were within 1 to 2 standard deviations of the mean values previously obtained from at least three replicate trials for each control.
The initial equivocal and positive cutoff values were established by measuring the mean absorbances of IgM (n ϭ 137) and IgG (n ϭ 150) for a sample of sera from healthy donors (American Red Cross). Prior to the collection of serum, these donors were subjected to routine screening to ensure their suitability and the absence of acute disorders. Cutoff points for each isotype were based upon values 2 and 3 standard deviations above the mean absorbance for equivocal and positive, respectively (33) . The determinative value of these points was later confirmed by examining the receiver operator characteristics of the assay when sensitivity and specificity were equally weighted (29) . For uniformity, the EIA results were reported as a ratio of the individual sample absorbances to the established cutoff value. This resulted in a scale on which the result was negative if the IgM or IgG ratio was less than 0.7 and equivocal if the ratio was 0.7 to less than 1.0. Values of 1.0 or greater were considered positive.
EIA for the detection of antibodies to B. burgdorferi was carried out as described previously (33) . A ratio of Ͻ0.9 was considered negative, a ratio of between Ն0.9 and Ͻ1.0 was considered equivocal, and a ratio of Ն1.0 was considered positive.
Immunoblotting. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with the buffer system of Laemmli (38) was carried out as described previously (33) . Proteins were separated by using a polyacrylamide gel with a linear gradient concentration of from 7.5 to 15% or with a 12% gel. Samples were diluted appropriately and were boiled for 2 min in sample buffer (63 mM Tris, 2% SDS, 15 mM dithiothreitol, 27% [wt/vol] sucrose, 0.002% bromphenol blue). Three hundred micrograms of protein was applied to a 12-cm trough in the stacking gel. The polypeptides were separated at 35 mA of constant current per gel for ca. 1.5 h. The proteins were then transferred from the gel to polyvinylidene difluoride (Millipore, Bedford, Mass.) at 1 A for 30 min by methods described previously (33) . The blot was then blocked in Tris-buffered saline (TBS; 20 mM Tris, 500 mM NaCl [pH 7.5]) containing 0.5% NFDM for 1 h. Following blocking, the membranes were washed for 45 min in TBS containing 0.1% Tween-20 (TTBS) and air dried for storage at ambient temperature. At the time of the assay, the membranes were wet in TTBS and cut into 3-to 4-mm strips. The sera were diluted 1:200 in TBS with 0.5% NFDM. Following incubation of the membranes in patient sera for 1 h, the strips were washed twice for 5 min each time in TTBS. Affinity-purified goat anti-human -specific IgM or ␥-specific IgG conjugated with alkaline phosphatase (KPL) was diluted under optimal conditions in TBS with 0.5% NFDM and was applied to the strips. Following incubation for 1 h the strips were washed twice for 5 min each time with TTBS and twice for 5 min each time with TBS and equilibrated for 5 min in 100 mM Tris-100 mM NaCl containing 5 mM Mg 2ϩ (pH 9.5). Developing solution contained 0.4 mM Nitro Blue Tetrazolium (Sigma) and 0.4 mM 5-bromo-4-chloro-3-indolylphosphate (Sigma) and was prepared in Tris-NaCl-Mg buffer at pH 9.5. The development time was 15 to 20 min on the basis of the intensities of the first, middle, and last strips of each immunoblot which were processed with positive control sera.
To establish tentative criteria for the confirmation of screening test results by immunoblotting, acute-and convalescent-phase sera from six individuals with clinically diagnosed HGE (five with HGE confirmed by culture and one with HGE confirmed by examination of peripheral blood smears for morulae) were examined by WB. The presence of reactive antigens in the range of 42 to 45 kDa appeared to represent the earliest IgM and IgG responses and the most intense reactivity. These proteins were not visualized by WB in healthy donors or patients with other illnesses (see Table 2 ) or when patient sera were used to probe uninfected HL-60 cells. Accordingly, the presence of this complex was attributed to the presence of specific antibody and was considered the minimum criterion for interpretation of a WB result as positive.
Immunoblot analysis for confirmation of infection with B. burgdorferi has been described previously (33) .
RESULTS
Comparison of identically processed antigen preparations by using both infected and uninfected HL-60 cells indicated that uninfected host cell components did not contribute significantly to the reactivity of the IFA, EIA, or WB for IgM or IgG when sera from healthy donors, persons with HGE, or patients with other disorders were used. The use of two human isolates of Ehrlichia as antigen were compared. Because preliminary experiments were unable to detect significant differences between strains when the strains were used for the EIA or WB, strain HGE-2 was used throughout these studies.
Sera from six HGE patients (five with culture-confirmed HGE and one confirmed to have morulae) were analyzed by IFA, EIA, and WB for antibodies to the HGE agent (Table 1) . Culture-confirmed HGE patients 1, 2, and 3 were negative for IgM and IgG antibodies by EIA and WB at day 1 to 2 after the onset of disease symptoms. The IFA results fluctuated between negative and equivocal during this time and WB results were negative. The earliest convalescent-phase serum specimens available from patients 1, 2, and 3 were at days 47, 31, and 21 after disease onset, respectively. All these patients with the exception of patient 3 had developed strong IgM and IgG antibody responses by IFA, EIA, and WB; patient 3 remained equivocal for IgG by EIA but was WB positive for IgG. The earliest serum specimen available from patient 4 (who had culture-confirmed HGE) was at day 28. This specimen and subsequent serum specimens were positive for IgM and IgG antibodies against the HGE agent. Only a single serum specimen obtained at day 15 after the onset of disease was available from patient 5 (confirmed to have HGE by the detection of morulae), and it already contained IgM and IgG anti-HGE antibodies. We were not able to detect IgM antibodies in serum specimens obtained from patient 6 (who had cultureconfirmed HGE) on either day 5 or day 150 after disease onset, while IgG antibodies were detected 150 days after the onset of disease. Sera were available from patients 1, 2, and 4 at 343, 108, and 228 days after disease onset, respectively, and both IgM and IgG antibodies were detected. The results of Western blot analysis of culture-confirmed HGE patients 1, 2, 3, and 4 are presented in Fig. 1 .
The sensitivities and specificities of IFA and EIA for the detection of IgM and IgG antibodies against the HGE agent in the culture-and morula-confirmed HGE patients were compared. IFA and EIA results were available for seven serum specimens positive for IgM and IgG by WB. The results of the two assays were very similar. EIA was positive for seven of seven serum specimens positive for IgM by WB, whereas IFA was positive for six of the seven serum specimens. The converse occurred for the detection of IgG-positive sera by WB. None of the sera negative for IgM and IgG by WB were FIG. 1. Western immunoblot of acute-and convalescent-phase sera from patients with culture-confirmed HGE (Table 1) and serum from a healthy donor. Polypeptides were separated with a 12% polyacrylamide gel. 
640 (P) 3.9 (P) P 320 (P) 2.4 (P) P 108 160 (P) 2.2 (P) P 320 (P) 1.4 (P) P positive or equivocal by EIA, while two of the serum specimens negative for IgM by WB and one of the serum specimens negative for IgG by WB gave equivocal IFA results (Table 1) . We next applied a two-step protocol recommended for use in the serodiagnosis of Lyme disease (11) for the serodiagnosis of HGE. The first test in this protocol is a sensitive serological screening test such as IFA or EIA. The results for all specimens found to be positive or equivocal by EIA or IFA were then confirmed by WB for the presence of the 42-to 45-kDa bands.
We first compared the sensitivities and specificities of EIA and IFA as the screening tests in this protocol ( Table 2) . None of the sera from 32 healthy donors analyzed by IFA and EIA possessed IgM or IgG antibodies reactive with the HGE agent. An additional 137 serum specimens from healthy donors were assayed for IgM and IgG anti-HGE antibodies by EIA. One specimen (0.7%) was IgM positive and IgG negative and two specimens (1.5%) were IgM negative and IgG positive. Western blot analyses of these sera were negative, indicating that they were false-positive reactions.
Sera from patients with a range of other disorders including rickettsial and non-HGE ehrlichial infections were examined for IgM and IgG antibodies reactive with the agent of HGE ( Table 2 ). All of the sera were negative for IgM antibodies with the exception of two of four specimens from patients with Rocky Mountain spotted fever, which were positive by IFA but negative by both EIA and WB, and one of five serum specimens positive for rheumatoid factor, which was positive by EIA but negative by IFA and WB. IgG antibodies were detected by IFA in one of five serum specimens from chronic fatigue syndrome patients, but these sera were negative by EIA and WB. All the remaining sera were negative for IgG antibodies by IFA, EIA, and WB.
Possible cross-reactivity of antibodies to the agent of HGE with B. burgdorferi was examined by the two-test protocol by using EIA and WB and sera from six patients with culture-or morula-confirmed HGE (Table 3) . Patients 2, 4, 5, and 6 did not have IgM or IgG antibodies reactive with B. burgdorferi according to these criteria. Sera from patients 1 and 4 were negative for IgM antibodies to B. burgdorferi, but they were positive for IgG antibodies to B. burgdorferi by EIA and WB (Table 3) .
We next investigated the seroprevalence of antibodies reactive to the agent of HGE in patients with physician-diagnosed early Lyme disease. These patients were expected to be at high risk for HGE since they resided in areas where HGE is endemic and had at least one documented I. scapularis tick bite. Sequential serum specimens were available from 281 patients previously enrolled in two clinical treatment trials (study group I and study group II). Serum specimens collected at 21 to 25 days following the diagnosis and initiation of treatment for Lyme disease were selected for analysis. The two-step protocol was used to assay these sera. We compared the IFA and EIA as screening tests in this protocol for 139 serum specimens from those patients in study group I (Table 4 ). In the absence of clinical data confirming HGE in these patients, IFA and EIA were evaluated as screening tests on the basis of their ability to detect samples positive by immunoblotting. Nine serum specimens (6.5%) were IgM positive or equivocal by The results of analysis of the study group I samples indicated that EIA was superior to IFA for screening. Accordingly, we next screened sera from early Lyme disease patients (study group II; n ϭ 142) by EIA. Results for IgM were similar to those obtained with study group I (Table 5) . Of the samples in study group II, 19.0% were WB positive for IgM, whereas 16.5% of the sera from patients in study group I were WB positive for IgM. Fewer patients in this group were found to have IgG. Analysis of samples from patients in study group II found that 4.2% were confirmed to have IgG by WB, whereas 8.6% of patients in study group I were found to have IgG by WB.
When the results of EIA and WB for the detection of antibodies reactive with the agent of HGE in early Lyme disease patients from study Groups I and II were combined (n ϭ 281), 50 (17.8%) of the patients had WB-confirmed IgM. IgG was confirmed by WB in 18 patients (6.4%) ( Evidence for the development of the antibody response to the agent of HGE was extended by evaluating serial serum specimens from persons with Lyme disease who were also positive for antibody to the agent of HGE on the basis of WB results. Eleven patients determined to have antibody to the HGE agent were selected from the two clinical treatment trials on the basis of the availability of sufficient serial samples. The analyses by IFA, EIA, and WB for samples from study group I patients are presented in Table 6 . The results of EIA and WB for serial samples from study group II patients are presented in Table 7 . The results for these sera demonstrate that for some patients the initial increase in IgM titers was followed by a decline in this isotype coincident to an increased IgG titer. For patient I-4 (Table 6 ), the kinetics of the antibody response measured by EIA are presented in Fig. 2A and the WB results are presented in Fig. 2B . These results are consistent with the possibility of concurrent Lyme disease and coinfection with the agent of HGE.
Western blot analysis of these sequential serum specimens was undertaken to further characterize the specific proteins which may be important in the serodiagnosis of HGE. Initial examination of the ability of SDS-polyacrylamide gels to resolve antigens of the HGE agent revealed that gradient and nongradient gels had advantages in detecting low-and highmolecular-mass proteins, respectively. Therefore, both methods were used throughout the study. WB revealed an IgM response which was typically first generated against the 42-to 45-kDa complex often within the initial days of infection. As seen throughout this study, these polypeptides were the first to be detected, and they were consistently the most intense and enduring bands. The next antigen reactive in IgM blots was a 30-kDa polypeptide, with the response detectable at day 8, often persisting or increasing by day 30, with the response diminished by day 90. Later, at about day 30, a 28-kDa band appeared, with the response decreased by day 90. For IgG analysis, the 42-to 45-kDa complex was also evident within the earliest stages of the antibody response. This was followed by response to the 20-and 30-kDa proteins at day 20 and the 28-kDa protein by day 30. The maximum number of major bands appeared to be stable at 12 to 17 at about 60 to 90 days. Also frequently observed were minor bands in the range of ca. 21, 29, 31, 35, 37, 60, 65, 70, and 100 kDa. WB results for sera from culture-confirmed HGE patients from Minnesota and Wisconsin and Lyme disease patients with antibodies reactive with the HGE agent primarily from the eastern United States were nearly indistinguishable.
DISCUSSION
We have described the use of cell culture-derived human isolates of ehrlichiae for the development of serological assays potentially useful in the immunodiagnosis of HGE. The results of this study demonstrate the utility of an IFA and an EIA as screening tests for sera from persons potentially infected with the etiologic agent of HGE. Because of the acute nature of HGE, a presumptive diagnosis and empiric antimicrobial therapy will be made prior to serological detection for most patients. Laboratory serological testing, however, can provide a resource for the confirmation of infection and for the evaluation of clinical outcomes, as well as for epidemiological and epizootiological studies.
Previous experience with the development of serological testing for Lyme disease has demonstrated the importance of a two-test approach. This strategy uses a sensitive screening test followed by confirmation by WB (11) . We found it important to use a similar approach for the serodiagnosis of HGE.
Most current applications of IFA for HGE use E. equi prepared from the buffy coat of blood from infected horses. There are many obvious advantages to the use of continuous cultures of human isolates, including the cost, elimination of the need for animals, and the ability to maintain quality assurance stan- dards. In this regard, isolates from ticks or humans cultivated in HL-60 cells have been shown to be useful for IFA (49, 54) . The use of IFA based on host cells infected with rickettsial organisms has sometimes resulted in high rates of background fluorescence, and false-positive results may be associated with this assay (15, 34, 35, 40, 42) . EIA offers several advantages over IFA for the detection and quantification of antibodies reactive with the HGE agent. EIA is also more efficient, less laborious, and less subjective than IFA, and it can be more sensitive. For sera from patients in study group I, EIA was capable of detecting 12.9% additional samples positive for IgM by WB and 3.6% additional samples positive for IgG by WB than IFA. When EIA-positive sera which were negative by IFA were analyzed, 43.2% of IgM-positive samples and 10.5% of IgG-positive samples were WB positive. These sera would have been excluded by the use of IFA as the screening method.
With the cutoff values used in this study, EIA detected more samples which were WB positive. Of those samples found to be positive by IFA, a larger proportion were positive by WB than by EIA. A total of 52.1 and 100% of the samples found to be positive for IgM and IgG by EIA were confirmed to be positive by WB, respectively. A total of 80 and 100% of samples found to be positive for IgM and IgG by IFA were confirmed, to be positive by WB, respectively. In the equivocal range, 36.4% of the EIA samples equivocal for IgM and 100% of the EIA samples equivocal for IgG were confirmed to be positive by WB. A significant number of samples, positive by EIA were positive for IgM, but this result could not be confirmed by WB. Ideally, the screening step of the two-test protocol should be highly sensitive. Furthermore, the rate of positivity for IgM by EIA may be high in this study because the day 21 to 25 serum samples were from patients who already had an active infection with B. burgdorferi. These patients may be dissimilar to persons who would have been healthy prior to or at the time of exposure to the HGE agent.
Examination of serial serum specimens from persons infected with the agent of HGE has provided a preliminary characterization of the use of immunoblotting for the serodiagnosis of HGE. These findings suggest that the presence of the 42-to 45-kDa complex may have a strong predictive value. The 42-to 45-kDa bands have been shown to be specific for the detection of antibodies to the HGE agent and do not appear to react with antibodies to a protein of a similar size from E. chaffeensis (20, 59) . These bands were not reactive for the sera from healthy donors and persons with other disorders that we examined and were always the strongest and earliest reactive bands for sera from HGE patients. These were also found to represent the earliest reactive proteins in sera from IgM-positive patients. These results are in agreement with those of previous studies which demonstrated the presence of specific antibodies to proteins with similar migration patterns when E. equi or human granulocytic Ehrlichia sp. antigen was probed with HGE patient sera (4, 20, 32, 59, 62) .
Studies have shown that polymorphisms exist for the 42-to 45-kDa immunodominant proteins in the agent of HGE as well as other Ehrlichia (4, 13, 62) . The interpretation of immunoblots in which proteins may have variable migration patterns can be aided by the use of monoclonal antibodies and by the use of the appropriate antigen. The antibody response to these proteins appears to be similar among the polymorphic variants. The 42-to 45-kDa antigens expressed in the strain used in our study were able to detect antibody in sera from patients from New York, New Jersey, Connecticut, Rhode Island, Minnesota, and Wisconsin. In the absence of sequential samples, the presence of the 42-to 45-kDa proteins is likely to be significant in the interpretation of the HGE immunoblotting result. The criteria for an immunodiagnostic WB assay for HGE, however, must await further analysis of the specific antibody response to antigens from various human isolates and with sera from persons with culture-confirmed HGE.
Cross-reactivity did not occur when EIA was used to examine samples from persons with other rickettsial infections, nor did we find evidence that coinfection with B. burgdorferi commonly resulted in cross-reactive samples ( Table 1) . The crossreactivities of antibodies to E. chaffeensis with the antigens of E. equi or the HGE agent have been demonstrated to be infrequent when IFA and WB are used (20, 21, 45, 46, 49, 52, 54, 59) . However, there are reports of the occurrence of crossreactivity, especially when titers are high (54, 60) . Two of four serum samples from patients with Rocky Mountain spotted fever were positive for IgM by IFA but not by EIA. The use of the two-step test approach eliminated most concern for crossreactivity with the specimens examined. This strategy has been shown to improve specificity for the serodiagnosis of B. burgdorferi, human immunodeficiency virus, and other infections (9, 30, 33) .
The degree of cross-reactivity associated with HGE patients and Lyme disease serology was minimal. The reactivity of sera from two of six patients is consistent with predicted rates of exposure to both of these pathogens (61) . That patient 1 (Ta- (Table 5 ). (B) Western immunoblot of serum from the patient from panel A and serum from a healthy donor. Proteins were separated with a 7 to 15% linear gradient polyacrylamide gel. ble 3) had a Lyme disease serology indicating positivity only for IgG at the acute stage of HGE suggests that the patient may have previously been exposed to B. burgdorferi. Such crossreactivity has been reported to be much higher (61) . Crossreactivity between antibodies to heat shock proteins of Ehrlichia and antigens of B. burgdorferi may also result in a loss of specificity (37, 56, 59) . While a wider range of patients will need to be examined prospectively, our results suggest that for most patients serology will be a valid method of differentiating between these infections.
Some of the early Lyme disease patients were strongly positive for IgG at the time that the treatment study was initiated (Tables 6 and 7 ). The epidemiological risk factors which led to the initial exposure to Ixodes ticks and B. burgdorferi would presumably set the stage for previous exposure to the agent of HGE. In some of the areas where patients resided, the prevalence of the HGE agent in ticks has been reported to range from 10 to 50% (46, 55, 57) .
The observation of persistent IgM antibodies against the agent of HGE was unexpected, and its significance is not yet clear. Treatment of early Lyme disease patients with antimicrobial agents other than tetracyclines may not have been effective against Ehrlichia in these treatment trials (36) . However, it is notable that culture-confirmed HGE patients also had high levels of IgM antibody for prolonged periods following appropriate chemotherapy and the resolution of clinical symptoms. Some rickettsial and ehrlichial pathogens are capable of establishing persistent infections (5, 19, 23, 51, 53) . Such infections may result in IgM production. Persistent antibody levels have been detected in serial samples from HGE patients for up to 30 months by IFA with E. equi antigen (7) . Further studies are needed to determine the significance of the observation of persistent IgM antibody in HGE patients and whether this signifies a response to recurrent infection.
While the true prevalence of HGE in the Lyme disease patient groups is unknown, the WB results appear to offer reasonable confirmatory evidence that IFA and EIA detected specific antibody in some patients. The kinetics of the isotype present in these samples and the progression of polypeptides from the HGE agent with which these antibodies reacted further support that assertion (Tables 6 and 7 ; Fig. 2 ). The exact sensitivities and specificities of these tests, however, cannot be definitively determined until a larger sample of sera from patients with culture-or PCR-confirmed HGE are available.
This study offers evidence that a significant number of patients with Lyme borreliosis may also be exposed to or coinfected with the agent of HGE. The application of a sensitive EIA followed by immunoblotting, as used in this investigation, suggests that the prevalence of HGE exposure in Lyme borreliosis patients is higher than that previously detected by seroprevalence studies by IFA alone (8, 22, 26, 45, 47) . In light of the prevalence of antibody observed in this and other studies as well as the potential severity of HGE, the possibility of coinfection with both pathogens is worthy of clinical consideration. At present, doxycycline remains the only antibiotic shown to have both in vitro and in vivo activities against B. burgdorferi and the HGE agent (36) .
